To better understand the pathogenesis of human herpesvirus 6 (HHV-6), it is important to elucidate the functional aspects of immediate-early (IE) genes at the initial phase of the infection. To study the functional role of the HHV-6B IE gene encoding U95, we generated a U95-Myc fusion protein and screened a pretransformed bone marrow cDNA library for U95-interacting proteins, using yeast-two hybrid analysis. The most frequently appearing U95-interacting protein identified was GRIM-19, which belongs to the family of genes associated with retinoidinterferon mortality and serves as an essential component of the oxidative phosphorylation system. This interaction was verified by both coimmunoprecipitation and confocal microscopic coimmunolocalization. Short-term HHV-6B infection of MT-4 T-lymphocytic cells induced syncytial formation, resulted in decreased mitochondrial membrane potential, and led to progressively pronounced ultrastructural changes, such as mitochondrial swelling, myelin-like figures, and a loss of cristae. Compared to controls, RNA interference against U95 effectively reduced the U95 mRNA copy number and abrogated the loss of mitochondrial membrane potential. Our results indicate that the high affinity between U95 early viral protein and GRIM-19 may be closely linked to the detrimental effect of HHV-6B infection on mitochondria. These findings may explain the alternative cell death mechanism of expiration, as opposed to apoptosis, observed in certain productively HHV-6B-infected cells. The interaction between U95 and GRIM-19 is thus functionally and metabolically significant in HHV-6B-infected cells and may be a means through which HHV-6B modulates cell death signals by interferon and retinoic acid.
The Herpesviridae family includes three subfamilies, i.e., Alphaherpesvirinae, Betaherpesvirinae, and Gammaherpesvirinae. A typical herpesvirus virion consists of a core containing a linear, double-stranded DNA; an icosahedral capsid (approximately 100 to 110 nm in diameter) containing 162 capsomeres, with a hole running down the long axis; an amorphous, sometimes asymmetric material that surrounds the capsid (designated the tegument); and an envelope containing viral glycoprotein spikes on its surface (4) . In 1986, a new herpesvirus was isolated from the peripheral blood mononuclear cells of six adults with lymphoproliferative disorders, some of whom were infected with human immunodeficiency virus type 1 (HIV-1). The virus was initially named human B-lymphotropic virus but was subsequently renamed human herpesvirus 6 (HHV-6) and placed within the Betaherpesvirinae, based on its high genetic similarity to human cytomegalovirus (HCMV). HHV-6 infects virtually all children during the early years of life, and like other herpesviruses, establishes latency after primary infection. This infection usually runs a benign course and requires no antiviral treatment. However, in seronegative pregnant women, a primary HHV-6 infection contracted from a child with roseola infantum can rarely lead to spontaneous abortion during the first trimester or produce neurological complications in the newborn following HHV-6 transplacental infection (5) . In addition, reactivation of latent HHV-6 can occasionally lead to serious systemic diseases, especially encephalopathy, which may be fatal in immunocompromised or grafted patients (23) .
HHV-6 predominantly infects and replicates in CD4 ϩ lymphocytes (39) , but it may establish latency in the monocyte/ macrophage lineage (22) . HHV-6 isolates are further divided into two closely related variants, i.e., A (HHV-6A) and B (HHV-6B), based on their molecular and biological characteristics (1, 34, 44) . The complete genome sequences of HHV-6A (strain U1102) and HHV-6B (strains HST and Z29) have been determined (10, 18) . The betaherpesviruses have extensive domains of similar genetic organization, i.e., the conserved herpesvirus gene blocks in the unique region of their genome, and they include a number of gene families that are characteristic of this subgroup. These include the US22, G-protein-coupled receptor, and immunoglobulin gene families. The US22 gene family is the most extensive family found in betaherpesviruses but is absent in the alpha-and gammaherpesviruses. HHV-6 carries 11 members of the US22 family (DR1, DR2, DR6, DR7, U2, U3, U7, U8, U16, U25, and U95), which are related to the 12 members of this family found in HCMV (14, 43) . Some members of this family are spliced and expressed as immediate-early (IE) proteins (32) and are likely to be transcriptional activators (13, 42) . Murine cytomegalovirus IE2 possesses all of these characteristics (7) . U95 of HHV-6 has been reported to be expressed at the IE stage of infection (40) .
HHV-6 infection of human mononuclear cells induces interferon (IFN), which suppresses HHV-6 replication, and pro-duction of IFN suggests that it is an important part of the host response to HHV-6 (21) . The combination of IFN-␤ and alltrans-retinoic acid (RA) induces the death of cells by increasing the intracellular levels of GRIM-19 protein (3). GRIM-19 has also been reported to interact with other herpesvirus proteins, such as viral interferon factor 1 of HHV-8, resulting in deregulation of GRIM-19-induced apoptosis in the presence of IFN-RA and inhibition of IFN-RA-induced cell death (35) .
Clues pertaining to the functional aspects of HHV-6B U95 can be derived from the numerous studies on HCMV IE2 due to their similarity at the amino acid level (14, 40) . However, there is limited information with respect to the cellular proteins that viral IE proteins interact with during HHV-6B infection. Using yeast two-hybrid analysis, we screened a pretransformed bone marrow cDNA library, using the HHV-6B U95 IE protein as the bait. Here we report that U95 interacts with cellular GRIM-19 protein and that the interaction between U95 and GRIM-19 is functionally important in virus-cell pathogenesis via mitochondrial impairment and may represent a means by which the virus modulates IFN-RA-mediated cell death signals.
MATERIALS AND METHODS
Yeast two-hybrid techniques. The yeast two-hybrid experiments were performed using a yeast two-hybrid system 2 kit (Clontech, Mountain View, CA) according to the manufacturer's guidelines. The full-length U95 gene of HHV-6B strain HST (GenBank accession no. AB_021506; nucleotides 144230 to 147868) served as the bait and was cloned into the pGBKT7 yeast two-hybrid vector, resulting in an N-terminal in-frame fusion with the GAL4 DNA-binding domain. The insert was sequenced before being transformed into the Saccharomyces cerevisiae host reporter strain PJ69-2A. A Matchmaker pretransformed human bone marrow cDNA library (Clontech) was screened via yeast mating by incubating 500 l of the pretransformed library (ϳ25 ϫ 10 6 CFU) with baittransformed PJ69-2A. The entire mating culture was plated onto selective medium and incubated at 30°C for 3 to 21 days. The positive control comprising p53 and simian virus 40 large T antigen supplied with the kit was used concurrently in the mating experiments. Colonies were picked, restreaked onto fresh selective medium, and assayed for the LacZ phenotype by using a LacZ colony lift filter assay. Filters were left for 8 h to develop a blue color, which indicated a positive protein-protein interaction. The mating control cross supplied with the library was also used as a positive control for the LacZ colony lift assay.
Activation domain (AD) vector primers FAD (5Ј-ATGATGAAGATACCCC ACCAAACC-3Ј; sense) and RADO (5Ј-TTGCGGGGTTTTTCAGTATCTAC G-3Ј; antisense) were designed to amplify AD vector inserts. LacZ-positive colonies were screened via direct colony PCR using the vector primers. Amplified fragments were purified and subjected to cycle sequencing in both directions. BlastN and BLASTP algorithms were used to analyze the resultant sequence data from the clones (38, 45) .
Propagation of human MT-4 cell line, transfection, and coimmunoprecipitation assays. MT-4 cells were cultured in 25-cm 2 cell culture flasks with 5 ml of RPMI 1640 medium supplemented with 10% fetal bovine serum at 37°C with 5% CO 2 . Expression vectors pCMV-HA and pCMV-Myc (Clontech) were used because most of their restriction endonuclease sites were identical to those of the binding domain and AD vectors. The U95 fragment was amplified with PCR primers U95F-SfiI (5Ј-TGACTAAGCTGTTACTAATATCACTGGCCATTAT GGCCATGTCTTCAAATCTGG-3Ј) and U95R-NotI (5Ј-TATTAATTGCGG CCGCTTATTTACCTTCCTGAG-3Ј) and cloned into the pCMV-HA vector at the SfiI and NotI sites. The full-length coding sequence of GRIM-19 (GenBank accession no. NM_015965; nucleotides 260 to 943) was cloned into pCMV-Myc at the SfiI and SalI sites. Both clones were transformed into Escherichia coli strain DH5␣, purified using plasmid spin columns (Qiagen, Hilden, Germany), and then transfected, individually or together, into MT-4 cells by using Transfectin reagent (Bio-Rad, Hercules, CA). Empty vectors transfected into MT-4 cells served as negative controls. Expression of the fusion proteins was allowed to occur for 48 h. Total protein was harvested using lysis buffer (1% Triton X-100 and phosphate-buffered saline [PBS], pH 7.4), and the cell lysate was centrifuged at 12,000 rpm for 10 min. The supernatant was pretreated with Sepharose A and A/G beads (Calbiochem, San Diego, CA) at 4°C for 1 h, and the mixture was centrifuged at 5,000 rpm for 5 min to remove the beads. The supernatant was incubated with Sepharose A and A/G beads which were pretreated with antihemagglutinin (anti-HA) and/or anti-Myc antibodies at 4°C for 4 h. The mixture was centrifuged at 5,000 rpm for 10 s, the supernatant was discarded, and the beads were washed thrice with PBS. The beads were resuspended with 2ϫ sodium dodecyl sulfate (SDS) sample loading buffer and heated at 99°C for 3 min, and the proteins were subjected to SDS-polyacrylamide gel electrophoresis (10%). Western blot analyses were then carried out using antibodies against the HA or Myc epitope. Negative controls included mixed lysates from cells transfected with plasmid expressing either the HA or Myc tag only (38, 45) .
Immunofluorescence confocal microscopy. MT-4 cells (10 6 in each 25-cm 2 cell culture flask) were grown overnight and then transfected as described above, using the expression plasmid constructs. The cells were incubated at 37°C for 24 h, and transfection was repeated at 48 h. The transfected cells were then washed thrice with PBS and immobilized onto glass slides by use of a Cytospin centrifuge. The immobilized cells were washed twice with cold PBS and incubated with cold methanol at Ϫ20°C for 4 min. They were incubated at room temperature for 3 min before being washed thrice with cold PBS. The slides were incubated at room temperature for 1 h with primary anti-Myc monoclonal and/or anti-HA polyclonal antibody. They were then washed five times with cold PBS before being incubated at room temperature for 1 h with secondary fluorescein isothiocyanate (FITC)-tagged goat anti-mouse or rhodamine phalloidin-tagged goat anti-rabbit antibody. The glass slides were washed six times with cold PBS before being mounted on coverslips, using Vectashield mounting medium (Dako, Glostrup, Denmark), and examined by confocal microscopy (38, 45) . Mitochondria were labeled with MitoTracker Green FM (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol.
Determination of virus titer by TCID 50 and assay for cell viability. MT-4 cells (10 5 per well) were propagated in cell culture plates overnight and then infected with HHV-6B strain HST, achieving cytopathic effect in 50% of the cells after 48 h. The 50% tissue culture infective dose (TCID 50 ) was derived from the observation of cytopathic effect, i.e., the induction of syncytium formation, in 50% of the cell population (19) . An infecting dose of 10 5 TCID 50 of HHV6-B was selected. After infection for 48 h, cell viability was determined by staining the cells with 0.4% trypan blue and counting them by using a hemocytometer under light microscopy. Viable cells were observed as unstained, translucent bodies, while dead cells were stained blue. No significant cell death or debris was observed for 5 days postinfection, with HHV-6B-infected cells appearing as unstained, large cells with syncytial formation.
shRNA constructs to induce specific antiviral response by RNAi. The GenBank database was searched for unique sequences within U95 and to exclude homology to known human and other viral genes. Using small interfering RNA software (Ambion, Austin, TX), a 19-mer region of the HHV-6B U95 gene (GenBank accession no. AB_021506; nucleotides 144460 to 144478) was selected as the target for RNA interference (RNAi). U95-specific short hairpin RNA (shRNA) duplex oligonucleotides, consisting of an antisense strand (5Ј-AGUCGACAGUGAUUCGCGGUU-3Ј) and a sense strand (5Ј-CCGCGAAUCACUGUCGACUUU-3Ј), were designed and chemically synthesized (Sigma-Proligo, Boulder, CO). A scrambled shRNA was designed by random arrangement of the same numbers of A, C, G, and U nucleotides as those in the U95 shRNA construct and confirmed to lack homology to viral and human genes in GenBank. The scrambled-sequence shRNA duplex was synthesized (antisense sequence, 5Ј-GGGUGACACGUAGUCAGCUUU-3Ј; and sense sequence, 5Ј-AGCUGACUACGUGUCACCCUU-3Ј) to serve as the negative control for all RNAi experiments (41) .
Real-time RT-PCR. Total mRNA samples from uninfected, HHV6B-infected, HHV6B-infected but U95 shRNA-treated, and HHV6B-infected but scrambled shRNA-treated cells were isolated using a total mRNA isolation kit (Qiagen). Genomic DNA contamination was minimized by treating the samples with DNase provided in the kit. Each purified total mRNA was then subjected to reverse transcription-PCR (RT-PCR), using Superscript II reverse transcriptase (Invitrogen) and 100 M of random hexamers (Promega, Madison, WI) at 42°C for 1 h. The reaction was terminated by incubating the mixture at 95°C for 10 min. The cDNA concentrations were standardized to 120 ng/l. Real-time RT-PCR analyses were performed in triplicate with a LightCycler instrument (Roche, Mannheim, Germany), using SYBR green with primers flanking a 317-bp fragment (GenBank accession no. AB_021506; nucleotides 145165 to 145481) within the U95 gene (5Ј-GGCGACACAACTAAGCGCATC-3Ј and 5Ј-CGGAAATGGCCGCATCTA CAC-3Ј) and with primers for the glyceraldehyde-3-phosphate dehydrogenase (G3PDH) housekeeping gene (5Ј-AGGTGAAGGTCGGAGTCAAC-3Ј and 5Ј-C ATGGGTGGAATCATATTGG-3Ј), which served as a normalization reference. Each 10-l RT-PCR mix included 1 l of cDNA, 0.5 M of each primer, 2.5 to 3 mM MgCl 2 , and 1 l of 10ϫ Hot Start reaction mix (Roche). The reaction mixtures were subjected to an initial denaturation of 95°C for 10 min, followed by 35 cycles of 95°C for 10 s, 65°C for 5 s, and 72°C for 10 s, before being subjected to a melting curve analysis of one cycle with a 15-s hold at 65°C. Real-time RT-PCR with each sample, using the two primer sets, was conducted in triplicate to ensure consistency in cycle threshold (C T ) values. The mean C T values were used to calculate the relative expression levels, as described previously (25) . The normalized C T values for the U95 gene were subjected to Student's t test with a two-tailed distribution to determine significance at the 95% confidence level.
Transmission electron microscopy. MT-4 cells were propagated for 24 h and were infected with HHV-6B as described above. Uninfected MT-4 cells were included as negative controls. At 0, 1, 4, and 7 h postinfection, both infected and uninfected cells were fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) at room temperature for 1 h. The fixed samples were then postfixed with 2% osmium tetroxide at room temperature for 1 h, dehydrated in a graded alcohol series, and embedded in Epon 812. Ultrathin sections (20 nm thick) were cut with a microtome, stained with uranyl acetate and lead citrate for 20 and 10 min, respectively, and observed using a Philips model 208S electron microscope (26) .
Mitochondrial membrane potential assay by flow cytometry. At 1 h postinfection, the HHV-6-infected cells were transfected with either U95 shRNA or scrambled shRNA (85 nM), using Lipofectamine 2000. They were then washed once with PBS and incubated with MitoProbe DiOC 2 (3) dye (Invitrogen). Two untreated wells, one with added DiOC 2 (3) and one without, served as controls.
RESULTS
Yeast two-hybrid screening identifies GRIM-19 as an interactor of U95. The pGBKT7-U95 plasmid construct was employed as the bait in yeast two-hybrid mating experiments using a pretransformed bone marrow cDNA library. The GRIM-19-interacting clones (with the largest spanning nucleotides 307 to 922; GenBank accession no. NM_015965) exhibited the strongest ␤-galactosidase activity compared with the positive control (data not shown). GRIM-19 constituted the most frequently (Fig. 1) . The total cell lysate from MT-4 cells cotransfected with both empty vectors served as the negative control.
Colocalization of U95, GRIM-19, and mitochondria in MT-4 cells. The interaction between U95 and GRIM-19, as well as their intracellular location, was further verified by confocal microscopy. Immunofluorescence staining using specific antibodies revealed strong perinuclear staining and confirmed their colocalization predominantly in the mitochondria ( Fig.  2A to C) . MT-4 cells transfected with the empty expression vectors served as negative controls (Fig. 2D to F) . In cells transfected with the pCMV-HA-U95 construct only, immunofluorescence staining of HA-U95 and endogenous GRIM-19 revealed colocalization, consistent with the results involving dual transfections (Fig. 3) . Furthermore, specific staining of mitochondria verified their colocalization with endogenous GRIM-19.
U95 shRNA treatment downregulates the transcription of U95. To verify that the U95 shRNA sequence was both specific and effective, real-time RT-PCR experiments were performed on mock-infected and HHV-6B-infected MT-4 cells transfected with shRNA prior to flow cytometry. Figure 4 shows a significant reduction in the U95 transcription level in U95 shRNA-treated samples, especially at 4 h posttreatment, compared to that in untreated HHV-6-infected MT-4 cells. Moreover, less cytopathic effect (i.e., syncytial formation) was observed (data not shown). The G3PDH housekeeping gene served as the reference transcript for RT-PCR and revealed a negligible difference in C T values between infected and mockinfected samples, thereby justifying its use for normalization (data not shown). The shRNA construct with a scrambled sequence served as the negative control.
Ultrastructural evidence of the effect of HHV-6B infection on mitochondria. To understand the implication of the U95-GRIM-19 protein complex on mitochondria, both HHV-6B-infected and HHV-6B-infected but U95 shRNA-treated MT-4 cells were subjected to transmission electron microscopy. The mitochondria of HHV-6B-infected cells exhibited swelling and less-convoluted cristae (Fig. 5A) . In contrast, HHV-6B-infected but U95 shRNA-treated MT-4 cells displayed less swelling of the mitochondria, with the majority showing more-convoluted cristae (Fig. 5B) . However, no other abnormal phenotypic changes were observed in both populations of mitochondria. To determine the progression and frequency of these structural abnormalities of the mitochondria in HHV-6B-infected cells compared with those in uninfected cells, mitochondrial organelles were monitored by electron microscopy at 0, 1, 4, and 7 h postinfection. Alterations in mitochondrial structures of infected cells were more apparent as the infection progressed (Fig. 5C to G) . By using electron microscopy to count the numbers of normal and abnormal mitochondria in 10 random cells per group and obtaining the mean percentages, it was evident that the percentage of abnormal mitochondria steadily increased with the time of infection (Table 1) .
HHV-6B infection and U95 shRNA treatment significantly influence mitochondrial membrane potential. To determine if the interaction between U95 and GRIM-19 has an impact on mitochondrial function, HHV-6B-infected versus uninfected MT-4 cells were assayed for mitochondrial membrane potential activity. The latter is a very good indication of the physiological state of both cells and mitochondria. Unstained cells were included to exclude signals from cells demonstrating autofluorescence (Fig. 6A) . Healthy cells were stained with the dye DiOC 2 (3) and subjected to fluorescence at an excitation wavelength of 488 nm. Signals from 530/30-nm-band-pass and 650-nm-long-pass filters could be detected as green and red fluorescence, respectively (Fig. 6B) . However, when MT-4 cells were infected with live HHV-6B, only green fluorescence signals could be detected (Fig. 6C) , with the decrease in mitochondrial membrane potential being accompanied by a shift from red to green fluorescence. When HHV6B-infected cells were transfected with U95 shRNA, there was a reversion of the fluorescent signal to a signal comparable to that of healthy cells (Fig. 6D) . The negative control experiment involving HHV6B-infected cells transfected with the scrambled shRNA construct could not restore the mitochondrial membrane potential, with a shift to green fluorescence (Fig. 6E) . The percentages of cells in different treatment and control groups emitting red, green, or both fluorescence signals are summarized in Fig. 6F .
DISCUSSION
Many studies have characterized the members of the US22 family, but there are few functional studies pertaining to their interaction with mammalian cellular proteins. Since it is a relatively recently identified member of this family, U95 is known only as an IE protein (40) . IE genes are important because they are the first to be transcribed and translated into functional proteins to aid in the downstream processes of viral infection. To address the functional aspects of an IE gene during infection, U95 of HHV-6B was used as bait in a yeast two-hybrid assay to screen for potential interacting human proteins. GRIM-19 was thus identified as a strong interactor of the U95 protein. The U95 protein could immunoprecipitate the GRIM-19 protein from the total cell lysate and vice versa, further demonstrating their strong interaction. To verify this interaction, immunofluorescence assay revealed distinct colocalization in the perinuclear region, predominantly in the mitochondria. Previous studies have demonstrated the localization of GRIM-19 primarily in the mitochondria and have indicated that GRIM-19 is essential for early embryonic development (15) . GRIM-19 is a small protein that promotes cell death induced by IFN-␤ and RA (3). Interestingly, viral interferon regulatory factor 1 of Kaposi's sarcoma-associated HHV-8, human papillomavirus type 16 E6, and simian virus 40 LT antigen also bind GRIM-19, suggesting that this is a target of certain viral proteins (9, 
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YEO ET AL. J. VIROL. (16) . On the other hand, upregulation of GRIM-19 results in an enhanced caspase-9 activity and apoptotic cell death response to IFN-RA treatment (3). Interestingly, GRIM-19 interacts with endogenous nucleotide oligomerization domain 2, which mediates innate mucosal responses and functions as an antibacterial factor that limits the survival of invasive intracellular bacteria (6) . Cells infected with HHV-6B exhibit the typical appearance of cytopathic effects, becoming large, balloon-type cells or forming syncytia. Cell death almost always results, although it is still unclear whether it occurs by necrosis or apoptosis. Cell death through the apoptotic pathway was indicated by upregulation of the caspase-3 gene during HHV-6 infection (27) . The release of cytochrome c from mitochondria can also ultimately lead to activation of caspase-9 and then caspase-3 and thus to apoptosis. While numerous studies indicate that apoptosis is mediated by various viral infections, the precise mechanisms of apoptotic death in virus-infected cells have not been demonstrated clearly. Some studies concluded that apoptosis is rarely observed in virus-infected cells, e.g., HIV-1-producing cells, and that HIV-1 RNA is rarely detected in apoptotic cells (11) . Moreover, it is documented that apoptosis occurs predominantly in uninfected CD4
ϩ T cells but not in productively HHV-6-infected cells (17) . HHV-6 also prevents monocytes from undergoing spontaneous apoptosis during the initial 72 h of culture (20) . Our results indicate that apoptosis is unlikely to be the major event during the early phase of HHV-6B infection of MT-4 cells. Electron micrographs of HHV-6B-infected cells (Fig. 5) revealed swelling of the mitochondria. The other changes in mitochondrial ultrastructure and morphology indicative of mitochondrial degeneration were the loss of cristae and the appearance of myelin-like figures (29, 37) . No other structural disruptions were observed in the infected cells, nor were any typical signs of apoptosis, including membrane blebbing, nuclear fragmentation, and chromatin condensation. RNAi against the U95 gene at 1 h postinfection restored the normal phenotypic appearance of the mitochondria without any significant loss of cristae.
In order to ascertain the significance of the U95-GRIM-19 interaction in MT-4 cells, prevention of protein complex formation was achieved by using shRNA treatment targeting U95. Specific and efficacious RNAi targeting against the U95 gene in vitro was confirmed by real-time RT-PCR. U95 shRNA treatment for 4 h resulted in a highly significant reduction of U95 mRNA expression, of 27.6-fold (P Ͻ 0.0002), compared to treatment with the control scrambled shRNA sequence.
GRIM-19 is an essential component of the oxidative phosphorylation system. Oxidative phosphorylation activity is closely related to the electrical potential difference across the outer and inner membranes of the mitochondria. This potential is a key indicator of cellular viability, as it reflects the pumping of hydrogen ions across the inner membrane during the process of electron transport, i.e., the driving force behind ATP production. This electrical potential difference can be demonstrated by flow cytometry with the dye DiOC 2 (3). This membrane potential-sensitive cyanine dye can penetrate the cytosol of eukaryotic cells and accumulates primarily in mitochondria with active membrane potentials, producing bright red and green fluorescence (12, 36) . DiOC 2 (3) staining intensity decreases with decreased mitochondrial membrane potential, accompanied by a shift from red to green fluorescence. The respiratory activity of the mitochondria during HHV-6B infection is a good indication of the physiological state of the cell. The effect of preventing the U95-GRIM-19 interaction via U95 shRNA treatment was documented using flow cytometry experiments with the DiOC 2 (3) dye. DiOC 2 (3)-stained uninfected MT-4 cells with active mitochondrial membrane potential exhibited both red and green fluorescence. A similar profile, with emission of both red and green fluorescence, was observed with the HHV-6B-infected cells treated with U95 shRNA. In contrast, HHV-6B-infected cells demonstrated a disruption of the mitochondrial membrane potential, with decreased staining intensity and a shift from red to green fluorescence signals. Scrambled shRNA treatment was unable to inhibit the formation of the U95-GRIM-19 complex, and thus the treated cells displayed a similar fluorescence profile to that of HHV-6B-infected cells. From our data, it is clear that the effect of mitochondrial membrane potential loss due to HHV-6B infection can be abrogated by blocking the formation of the U95-GRIM-19 complex. Previous studies concluded that mitochondrial membrane potential collapse is an early and necessary event which plays an important role in apoptosis of cells (8) . Apoptotic mechanisms may involve an alteration in mitochondrial membrane permeability and depolarization of the mitochondrial membrane potential (31) . Increased expression of uncoupling protein 2 in HeLa cells leads to a rapid and pronounced fall in mitochondrial membrane potential, culminating in oncosis, which is a form of cell death induced by energy depletion (30) . However, we have shown that mitochondrial membrane potential collapse due to HHV-6B infection was not accompanied by overt apoptotic events and that the loss in the membrane potential during HHV-6B infection could be abolished by inhibiting U95 gene transcription. This Although certain viral homologs of human cellular antiapoptotic genes have been identified within the Betaherpesvirinae, e.g., vbcl-2 and FLIP, none has hitherto been found in HHV-6B (33) . Taken together, our results indicate that the U95 protein binds to and may inactivate GRIM-19, thereby interfering with its regulation of cell death in response to IFN-RA. However, GRIM-19 is also an indispensable component of mitochondrial complex I that plays an essential role in mitochondrial function, the integrity of the electron transfer chain, and the oxidative phosphorylation system (15, 16) . Our data strongly suggest that U95 is directly responsible for altered mitochondrial structure and function, but it is possible that U95 may regulate the actual agent of mitochondrial dysfunction. Such a hypothesis may be addressed by observing whether mitochondrial structure and function are altered in cells transfected with the U95 gene alone.
Notwithstanding the fact that the specific benefits to the virus resulting from the U95-GRIM-19 protein complex have yet to be elucidated, it is likely that any inactivation of GRIM-19 by HHV-6 will lead to mitochondrial membrane potential loss and ultimately contribute to the cytopathic effect. The febrile illness arising from HHV-6 infection is particularly prevalent in early childhood, and HHV-6 reactivation is a serious problem for immunocompromised patients and organ transplant recipients (23) . Furthermore, a putative relationship between HHV-6 infection and multiple sclerosis (MS) has been suggested (28) . Biochemical defects in complex I activity may be involved in the pathogenesis of MS (24), and mitochondrial dysfunction plays a key role in progressive axonal loss in MS (2) . Future studies on the functional consequences of the interaction between U95 and GRIM-19 are therefore warranted to better comprehend the mechanisms of HHV-6 replication, virulence, reactivation, host pathogenesis, and association with MS.
